A numerical approach to optimise the performance of heating products is described. The approach was used to investigate the heat transport across a heating blanket. Several parameters and properties of textiles and of heating system were studied. Optimal compromise between the thermal performance of the product and the temperature oscillation along its surface. a r t i c l e i n f o The optimisation of the performance of products with smart/active functionalities (e. g. in protective clothing, home textiles products, automotive seats, etc.) is still a challenge for manufacturers and developers. The aim of this study was to optimise the thermal performance of a heating product by a numerical approach, by analysing several opposing requirements and defining solutions for the identified limitations, before the construction of the first prototype. A transfer model was developed to investigate the transport of heat from the skin to the environment, across a heating blanket with an embedded smart heating system. Several parameters of the textile material and of the heating system were studied, in order to optimise the thermal performance of the heating blanket. Focus was put on the effects of thickness and thermal conductivity of each layer, and on parameters associated with the heating elements, e.g. position of the heating wires relative to the skin, distance between heating wires, applied heating power, and temperature range for operation of the heating system. Furthermore, several configurations of the blanket (and corresponding heating powers) were analysed in order to minimise the heat loss from the body to the environment, and the temperature distribution along the skin. The results show that, to ensure an optimal compromise between the thermal performance of the product and the temperature oscillation along its surface, the distance between the wires should be small (and not bigger than 50 mm), and each layer of the heating blanket should have a specific thermal resistance, based on the expected external conditions during use and the requirements of the heating system (i.e. requirements regarding energy consumption/efficiency and capacity to effectively regulate body exchanges with surrounding environment). The heating system should operate in an ON/OFF mode based on the body heating needs and within a temperature range specified based on the blanket total thermal resistance, external temperature during use, and observed temperature on the blanket outer surface (safety and energy efficiency aspects).
Introduction
One of the most important roles of clothing is to regulate the heat exchange between the human body and the environment, allowing the former to reach thermal equilibrium and thus thermal comfort. However, in many activities, the traditional passive insulation of the clothing can increase the risk of thermal discomfort, for example, by hampering the sweat evaporation during firefighter exercise or by restricting the wearer's physical activities in cold environments. This stimulates the demand for solutions with active temperature control between the body and the environment [1e4] . There are several ways to control the temperature of the microclimate between the skin and the clothing, such as: refrigeration fluids inside pipes embedded in the clothing [5] , materials that accumulate/release energy (e. g. PCMs e Phase Change Materials; [6e10]), or heating wires integrated in the garment [11e13] . During the performance optimisation of these systems, often opposing requirements exist, e. g. batteries with high capacity but with low weight, systems with low heat losses but high breathability, etc. These opposing requirements demand the production of several prototypes and increase the duration and number of the development cycles of the final products. To shorten these cycles and fine-tune the thermal characteristics of the systems, the manufacturers and developers of clothing are searching for approaches that enable and accelerate the optimisation of various product families with smart/active functionalities (e. g. protective clothing, home textiles products, automotive seats, etc.).
The numerical simulation of the systems' thermal behaviour is one of the most promising approaches. Through modelling of the heat transport across a particular product, several design parameters and different heating methods can be studied in order to optimise the product performance. Kocbach et al. [14] used a finite element approach to evaluate the effect of several properties of a thermal stimulation equipment on the electrical stimulation of muscles. Couto et al. [13] used an identical approach to enhance the thermal performance of an electrical-heated mitt. Other models have been developed concerning how a particular combination of textile properties affects the body heat loss [15, 16] , the water distribution inside clothing [17] , the wind chill effect [18e21], and how the geometric features of the microclimates inside clothing affect the transport rates from the body [22e25].
To develop electrically heated products several aspects need to be considered (e.g. heating power, and system operating temperature; [26] ). The usual procedure is to construct a substantial number of prototypes, and to assess their thermal performance by manikin tests [11,27e29] or human wear trials [11, 30] . However, before the manufacture of the first prototype, a numerical approach can be used, allowing the identification of performance bottlenecks and possible solutions to maximise performance. For example, in the development of heating systems based on heating wires [11, 12] , the thermal performance can be improved by adjusting the operating power [12, 28] and considering modifications in the size and life of the batteries. Alternatively, one can increase the thermal resistance of the encapsulating layers, minimising heat losses from the body to the environment. However, this solution may also have drawbacks if the thermal resistance is increased through the change of the material thickness, because of the added weight and decreased breathability [31e33] . Instead, the impact of each heating element can be optimised by locating the wires in specific body regions. Hickey et al. [11] reported that heating wires systems embedded in military boots and gloves enhances the thermal protection when exposed to temperatures of e 40 C. These heating systems impose a constant heat flux [11, 12, 28] , which restricts the range of environmental conditions in which the user feels comfortable [12] . This discomfort is especially felt when environmental conditions are substantially different from those for which the operating power of the heating system was specified. To overcome this constraint, the heating system can be adjustable and controlled based on the ambient or heating wire temperature, as reported by Couto et al. [13] .
To shorten development cycles and the number of prototypes manufactured, we developed a numerical approach to study and improve the performance of a bedding smart system with embedded heating elements. In this analysis, the effects of the wires distribution and of the properties of textile layers (i.e. thermal conductivity and thickness) on the product thermal performance were studied. Several configurations of the blanket were analysed in order to minimise the heat removed from the body to the environment, to ensure a homogeneous temperature distribution on the skin, and a minimum operating power required by the heating system. This numerical approach provides valuable information about the overall design of apparel heating products.
Formulation of the problem
The perception of thermal comfort during sleep can be influenced by changes in the conditions of the surrounding environment (e. g. changes on temperature, relative humidity, and air velocity inside the room). One way to mitigate the impact of these changes is to use a blanket with an embedded heating system ( Fig. 1) , equipped with adjustable operating power as a function of the heating needs. During sleep, the blanket must ensure the wearer's skin temperature is within a comfort range (31e37 C, [34e36]), even if the thermal conditions change in the room (e. g. increase of ventilation from a window). In this scenario, the heating system must counterbalance the amount of energy removed from the blanket, so that the user does not feel the environment changes. This modification in energy supply has several implications both in the construction of the heating system (e. g. size batteries and associated electronics) and in terms of safety (e. g. burn hazard).
To minimise heat losses to the environment, the heating elements should be placed near the skin (Fig. 1) . However, such arrangement increases the local temperature of the skin, which may lead to substantially lower temperatures in regions of the skin far from the heating elements. To mitigate this effect, the distance between wires must be small to the extent that it does not affect the stiffness of the final structure (since it is expected for the heating wires not to be detectable by touch). A compromise between the thermal performance of the product and the applicability of the solution should thus be found. To optimise the thermal performance of the blanket, the effects of several parameters and properties of the textile material were studied, such as those influencing the thermal resistance of each layer (i.e. thickness and thermal conductivity), and also of parameters associated with the heating wires operation (e. g. distance between wires, heating power, and operating temperature).
A transfer model was developed in Section 2.1 to evaluate the transfer of thermal energy from the skin to the environment, across a heating blanket with properties as given in Section 2.2.
Transfer model and boundary conditions
The two-dimensional simulation domain (blue dotted line in Fig. 2 ) encloses a region of the blanket with one heating wire. The boundaries 1 and 2 are the skin and the blanket outer surface, respectively. The energy is transferred by convection (natural convection) and thermal radiation from boundary 1 to the ambient.
We can express the conservative energy equation for the blanket control volume by,
where the first and the second terms represent the energy accumulation rate and the heat transfer rate by conduction, respectively. In equation (2.1), r textile , Cp textile , and k textile are respectively, the density, the specific heat, and the thermal conductivity of the textile layers. The textile material was assumed homogeneous and with properties as given in Table 1 (details on textile characterisation are given in Section 2.2). The heating elements were considered to be made of stainless steel (Table 1) 
In equation (2.2), h c is the convective heat transfer coefficient, ε r the emissivity of the outer surface of the blanket, s the StefaneBoltzmann constant, T the temperature of the blanket, and T amb the temperature of the environment. The convective heat transfer coefficient was calculated assuming that the blanket surface is flat, horizontal, and the heat exchange from the surface to the environment occurs by natural convection (line 1, Fig. 2) .
Accordingly, the Nusselt number (Nu) can be expressed [40] by the expression,
where L c is the characteristic length of the surface (i.e. 75 mm; [40] ), k air the thermal conductivity of air, and Ra L the Rayleigh number (equation (2.5)).
The Rayleigh number is function of the temperature of the outer surface of the blanket (T surface ), of the air properties at the average temperature of the fluid, and of the Prandtl number (Pr).
The wire was modelled as a source term, whose value depends on the type of operation of the heating system: continuous (constant heating power; Section 3.1 and 3.2) and adjustable (function of wire temperature; Section 3.2). The room temperature was taken constant (10 C; Fig. 2 ), and the blanket was assumed in equilibrium with the room prior to skin contact onset.
To solve the governing equation (equation (2.1)), a finite element approach was used [41] . The equation was discretized through a second order discretization scheme. The discretized equation was solved with a time-step of 1 s, in a grid with 36 Â 10 3 nodes (found adequate to ensure grid-independent results).
The following section explains the assumptions and experimental procedures used to determine the characteristics of the blanket layers and wires. 
Properties and characteristics of the textile layers and heating elements
The properties of the blanket layers and the characteristics of the heating wires are summarised in Table 1. The thickness, density, thermal resistance, and thermal conductivity of the inner and outer layers of the blanket (layer A and B, Table 1 ) were determined by experimental procedures [43] , while the specific heat was estimated under equilibrium conditions (20 C and relative humidity of 65%, [50] ). The emissivity of the outer surface of the blanket was assumed 0.68 (i.e. typical values of textile emissivity are reported in literature between 0.68 and 0.90;
The textile thickness (L; Table 1) was measured with an apparatus featuring a pressure-foot exerting a specific pressure on the textile [47, 49, 54] . The measurements were conducted according to the standard ISO 9073-2: 1995 [42] and applying a constant pressure of 1.1 kPa to the textile.
The textile density (Table 1) was calculated by weighing a known volume of sample [45e49], after stabilisation of its moisture content (by exposure to air environment at 20 C and 65% of relative humidity).
The thermal resistance of the textile (R ct,textile ; Table 1 ) was obtained by an indirect measurement, based on the international standard ISO 11092:1993 (E) [44] . By definition, the thermal resistance of a flat textile is directly proportional to its thickness, and inversely proportional to its thermal conductivity (k textile ),
The thermal conductivity of the textile was calculated by equation (2.6) .
The properties of the heating wires (thermal conductivity, density, and specific heat; Table 1 ) were estimated based on manufacturer specification sheets.
Optimisation of the apparel heating system
The model described in Section 2.1 was used to simulate the heat transfer across a blanket with embedded heating elements. In Section 3.1, the effects of the wires distribution and of the properties of textile layers (i.e. thermal conductivity and thickness) were studied. In Section 3.2, several configurations of the blanket were analysed in order to minimise the heat removed from the body to the environment, to ensure a homogeneous temperature distribution on the skin, and a minimum operating power required by the heating system.
Influence of the wires distribution and apparel thermal properties on skin temperature
To study the influence of the distribution of heating wires inside the blanket on the temperature along the skin, four distances between the wires were tested in steady-state, for an overall operating power ensuring an average skin temperature of 34 C. The properties of each layer of the blanket and wires are shown in Table 1 . Fig. 3 shows how the distance between the heating elements affects the temperature distribution along the skin, being the highest temperature in the region adjacent to the heating wires. For large distances between wires (e. g. 50 mm) the average skin temperature of 34 C is achieved only when a maximum temperature of 70 C is attained near the heating element (50 mm, Fig. 3 ), something unacceptable for safety reasons.
For distances of wires between 17 mm and 50 mm, the maximum temperature in the skin is still greater than 40 C (Fig. 3) , which could still cause pain to the user [36] . To avoid this, the wires distance must be less than 12.5 mm apart. For the current conditions, a distance of 12.5 mm and an average operating power of 42.3 W m À2 , ensures an average skin temperature of 34 C. However, the distance in question may raise concerns in terms of construction of the blanket (due to limitations in production machines) and its mechanical structure (which can become very rigid and heavy). Therefore, other solutions allowing for a bigger distance between the wires were pursued, e.g. by changing the thermal resistance of the layer between the heating wires and the skin. The effect of the thermal resistance of the inner layer of the blanket (A, Fig. 2 ) was analysed by changing its thickness and its thermal conductivity. For each pair of layer thickness -distance between wires, the operating power of the wires and the thermal conductivity of the inner layer, that ensures a maximum oscillation of 10 C in the skin temperature (Fig. 4) , were calculated. As shown in Fig. 4 , an inner layer of 1 mm and a distance between wires of 12.5 mm implies that the thermal conductivity of the layer must be 0.03 W m À1 K
À1
, for the skin temperature to oscillate by 10 C along its surface. However, when the distance between wires increases to 50 mm, the required thermal Table 1 Properties of the blanket (layer A and layer B), and of the heating wires (Fig. 2) , [55] ), Fig. 4 shows that, to achieve a maximum oscillation of 10 C along the skin, the distance between wires must be smaller than 50 mm or the thermal resistance of the inner layer must be substantially higher than 4.0 Â 10 À3 m 2 K W À1 (Table 1) .
However, if the thermal resistance of the inner layer is increased without increasing also the thermal resistance of the external layer, a bigger proportion of the heat released by the wires would be lost to the environment. This would diminish the system efficiency, so, to avoid it, the properties of the outer layer (B, Fig. 2) should also be optimised. In the following section, different configurations for both layers of the blanket were analysed in order to optimise the performance of the heating system.
Influence of different apparel configurations
The results shown in Section 3.1 indicate that the distance between wires must be small enough to ensure a narrow temperature oscillation along the skin surface. However, due to construction and ergonomics concerns, preference was given to a distance between wires of 50 mm. To reduce the temperature oscillation, the thermal resistance of the inner layer was increased (despite the associated decrease in the heating system performance) and further attention was put on the properties of the blanket outer layer. In this section, the effect of the thermal resistance of both layers in skin temperature was studied, for four blanket configurations as shown in Table 2 . In configurations II, III, and IV (Table 2) , both layers are made of the same material (thus having the same thermal conductivity), while in configuration I the fibres of the inner layer are different from those of the outer layer ( Table 1) .
The increasing distance of the heating elements relative to the skin implies that, from configuration I to II (Table 2 ), the energy lost to the environment increases, and consequently, more energy must be supplied by the heating system (in this case, an increase of 19 W m
À2
, Fig. 5 ). However, there is a decrease in the maximum skin temperature (around 12.8 C) while the minimum temperature remains constant, since the total thermal resistance of the blanket is approximately the same for both configurations (Table 2) .
To reduce the heat losses to the environment, the thermal resistance of the outer layer was roughly doubled (from configuration II to III, Table 2 ). The heat flux needed to maintain the average skin temperature around 34 C decreased by 34 W m
(from configuration II to III; Fig. 5 ) and the maximum temperature on the skin also decreased from 56.8 to 44.9 C, the latter being, yet, still very high [36] . To diminish further the maximum temperature in the skin, the thermal resistance of the outer layer was further Table 1 ).
Table 2
Thermal resistance of each blanket layer for a distance between wires of 50 mm (Fig. 2) .
Configuration
Layer A Layer B increased by 25% (from configuration III to IV, Table 2 ), but the resulting decrease in temperature was only of 3.6 C (Fig. 5) , and the maximum skin temperature was still above 40 C (threshold for pain, [36] ).
No further increases of the thermal resistance of the outer layer were considered since, for configuration IV, the heating power is already very low (18 W m À2 , Fig. 5 ), thus, indicating that a more insulating layer would render the heating system unfit for control the body heat loss. Alternatively, we studied an ON/OFF operation mode of the heating system. The system is ON (i.e. providing heat) until a given maximum temperature of the wires (T max ) is reached, after which the system is OFF (until a given minimum temperature is reached again, T min ). The specification of the operating temperature range prevents the skin temperature from exceeding 40 C (to avoid risk of burns). In Fig. 6 , the wire and skin temperatures are shown for the configurations III and IV (Table 2 ) with the heating system operating in the mentioned ON/OFF mode (based on the temperature of the wire). The system was adjusted to ensure a maximum temperature in the skin of 37 C (Fig. 6b and d) , providing heating when the wire temperature drops to 32 C (Fig. 6a and c) and as long as its temperature is below the maximum defined value (which depends on the thermal properties of the blanket layers). For example, for the blanket configuration with lower thermal resistance (configuration III, Table 2 ), a skin temperature of 37 C (skin zone 1, Fig. 6b ) is reached when the wire temperature is 39.8 C and 40.7 C, for constant heat flux of 50 and 100 W m À2 , respectively (Fig. 6a) .
When considering the configuration with the higher thermal resistance (configuration IV, Table 2 ), the mentioned 37 C on the skin is reached (skin zone 1, Fig. 6d ) at lower wires temperatures, i.e. 38.5 C and 39.3 C, respectively (Fig. 6c) . The minimum temperature in regions of the skin farthest from the heating wires is in all the cases lower than 32 C (skin zone 2, Fig. 6b and d) .
In all scenarios evaluated in Fig. 6 , the skin temperature near the heating elements is within the values reported as comfortable (31 and 37 C; [34e36] ). The results shown in Fig. 6 indicate that, for a 50 mm distance between wires, the configuration IV of the blanket (Table 2) is the most interesting of the two analysed, giving the lowest oscillation of temperature along the skin (between 30.4 and 37 C, i.e. skin zones 1 and 2 of Fig. 6, respectively) . (Table 2) in steady-state, with heat fluxes that ensure an overall skin temperature of 34 C (distance between the wires ¼ 50 mm). The approach described here allowed the identification of the textile properties (thickness and thermal conductivity), the features of the embedded heating system (heating power and operating temperature), and the overall design of the system (wires distribution), that optimise its performance as a way to control the body heat exchange with the surrounding environment. The described numerical approach allows to substantially reduce the number of prototypes needed for the final performance optimisation while enabling to accommodate increasingly shorten development cycles.
Conclusions
A numerical analysis was developed to study and optimise the thermal performance of a blanket with an embedded smart heating system. The numerical approach allowed the prediction of the skin temperature as a function of the blanket properties (thermal conductivity, thickness, external emissivity) and of the features of the heating elements (position relative to the skin, distance between wires, heating power, and operating temperature). The results show that to design a heating blanket with an embedded heating system one should:
(i) Put the heating elements as close as possible (but not further than 50 mm), within relatively insulating layers to damp temperature oscillations along its surface; (ii) Specify the thermal resistance of the layers based on the expected external conditions during use, and the requirements of the heating system (i.e. requirements regarding energy consumption/efficiency, and capacity to effectively regulate body exchanges with surrounding environment); (iii) Design the system to operate in an ON/OFF fashion based on heating needs and prevailing external temperatures during use; (iv) Specify temperature ranges for operation of the system based on the chosen blanket total thermal resistance and observed temperature in the blanket outer surfaces (safety and energy efficiency aspects).
The described approach enabled to address performance and developments aspects in the optimisation of an apparel product with an embedded heating system. The numerical approach allowed to substantially reduce the number of physical prototypes needed for the final performance fine-tuning, which is critically important in optimisation activities (e. g. of protective clothing or sports apparel).
